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We have investigated the microstructure and the magnetic properties of FePt and Fe/FePt
polycrystalline thin films with high coercivity. The L10 FePt particulate film deposited on a heated
amorphous SiO2 substrate showed a large coercivity (Hc) as high as 23 kOe. Contrary to an
epitaxially grown single crystal FePt film, the Hc did not show a drastic decrease when the film
morphology changed from particulate to continuous. The polycrystalline film with a thickness of
100 nm exhibited a coercivity of 13 kOe in spite of its simple processing route. This high coercivity
is attributed to the magnetic domain pinning at the grain boundaries. By depositing Fe layers on the
particulate FePt films, an increase of remanence and energy product was observed as a result of the
exchange coupling of the Fe and FePt layers. © 2004 American Institute of Physics.
@DOI: 10.1063/1.1756688#
I. INTRODUCTION
Since Coehoon et al.1 reported the experimental results
of the exchange coupled nanocomposite magnet, many in-
vestigations have been carried out to achieve high energy
products from the nanocomposite microstructures comprised
of soft and hard magnetic phases.2–7 Fe/FePt nanocomposites
are promising candidates to achieve high energy product due
to the large magnetocrystalline anisotropy (;7
3107 erg/cc)8 of the L10 FePt phase and the high saturation
magnetization of the a-Fe phase. Sabiryanov and Jaswal7
predicted an energy product of 90 MGOe from a FePt/Fe
nanocomposite by the first principle calculation, and Liu
et al.6 succeeded in fabricating a FePt/Fe3Pt nanocomposite
thin film with an energy product of 52.8 MGOe by rapidly
annealing Fe/Pt multilayer thin films.
FePt films are expected to show very high coercivity
because of the high magnetocrystalline anisotropy of the L10
FePt phase. The theoretical limit of the coercivity predicted
from the anisotropy constant is about 120 kOe. However,
continuous FePt thin films produced by simple processing
methods such as sputtering and vacuum vapor deposition
methods did not show high coercivities.9,10 Watanabe and
Homma11 reported a high coercivity for the FePt thin films
deposited on a Pt underlayer, and it was later shown that this
high coercivity was linked with the multitwins that were in-
troduced from the Pt/FePt interfaces.12 Ide et al.13 reported a
large coercivity of 48 kOe in very thin island-like grown
films, but its coercivity decreases when the film thickness
increases. Shima et al.14 and Okamoto et al.15 also reported a
very large coercivity exceeding 40 kOe for particulate films
epitaxially grown on heated MgO single crystal substrates.
However, the coercivity drops drastically to about 2 kOe
when the film becomes continuous after growing to a thick-
ness of more than 40 nm, because there are few domain wall
pinning sites in the single crystalline film. To achieve high
coercivity in continuous FePt thin films, an introduction of a
domain wall pinning sites is necessary. Hence, the polycrys-
talline films should be more suitable to achieve high coerciv-
ity in continuous films.16,17
In this work, we have fabricated FePt polycrystalline
films with high coercivity on a thermally oxidized Si sub-
strates. Furthermore, we have investigated the possibility of
enhancing the energy product by producing Fe/FePt nano-
composite thin films. We discuss the coercivity mechanism
of the FePt thin films by comparing the microstructures of
the polycrystalline FePt thin films with those of the single
crystal thin films fabricated on MgO substrates.14
II. EXPERIMENT
FePt films with various thicknesses ranging from 10 to
100 nm were prepared by co-sputtering high purity ~99.99%!
Fe and Pt targets on heated substrates using a multiple dc-
sputtering system. Thermally oxidized Si wafers were used
as substrates, which were coated with an amorphous SiO2
layer. The substrates were heated at 700 °C on a rotating
table during film deposition. The base pressure of the system
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was 6.031027 Pa, and a high-purity argon of 0.1 Pa was
flown during sputtering. The growth rate of FePt was con-
trolled to 0.10 nm/s and the nominal thickness was evaluated
based on the sputtering time. To produce Fe/FePt nanocom-
posites, Fe layers of 20%, 40%, and 60% of FePt thickness
were deposited on the FePt film at room temperature. The
film structures were characterized by x-ray diffraction
~XRD! and transmission electron microscopy ~TEM!. The
compositions of the FePt estimated by energy dispersive
x-ray spectroscopy were about Fe50Pt50 for all the films. The
magnetic properties of the films were examined by a super-
conducting quantum interference device magnetometer.
III. RESULTS
A. FePt film
Figure 1 shows x-ray diffraction patterns for the FePt
films with various thicknesses, t510 nm ~a!, 30 nm ~b!, 38
nm ~c!, and 100 nm ~d!. Superlattice diffraction lines of
~001! and ~112! are clearly observed around 2u524° and
60°, respectively. All the films are ordered to the L10 struc-
ture in the as-deposited state. The other unlabeled sharp
peaks are due to the Si substrate. The relative integrated
intensities of ~001! and ~111! indicates that all the films have
a weak preferred orientation to @001# in the perpendicular
direction to the film plane.
Figure 2 shows TEM bright field images of the FePt
films with various thicknesses. The inset selected area elec-
tron diffraction ~SAED! patterns show that all the films are in
the L10 ordered state, because the superlattice diffraction
rings of ~001! and ~110! are clearly observed as indicated by
the arrows. The average particle size of the 10 nm thick film
is about 50 nm. The FePt particles are completely isolated
with each other. With increasing the film thickness, the av-
erage particle size increases. The films that are thicker than
60 nm have an interconnected network structure. This mor-
phological change is the same as that observed in the FePt
film deposited on a MgO ~001! single crystal substrate.14
Twins are commonly observed in the particles as indicated
by the arrows. Figure 3 shows a typical @011# nanobeam
diffraction pattern obtained from one of the grains that con-
tain a twin. The twin was identified as the (111¯) twin, so this
is different from the transformation twins that form when fcc
disordered phase transform to the L10 tetragonal lattice.18
Hence, these twins are believed to be growth twins which
commonly occur in the fcc crystals during growth by various
thin film processing. The $111% twins in the L10 ordered FePt
thin films were also reported by Hong et al.19
Figure 4 shows magnetization curves of the FePt films
with t510 nm ~a!, 20 nm ~b!, 30 nm ~c!, 38 nm ~d!, 60 nm
~e!, and 100 nm ~f!. The filled and open circles show the
magnetization curves in the perpendicular and in-plane direc-
tions to the film, respectively. The magnetization curves are
not corrected with the demagnetization factors. The films
that are thicker than 30 nm show weak perpendicular anisot-
ropy due to the development of the @001# preferred orienta-
tion during the film growth. Because of the high magneto-
crystalline anisotropy of the isolated particles, the
FIG. 1. XRD patterns for various thicknesses of FePt films: 10 nm ~a!, 30
nm ~b!, 38 nm ~c!, and 100 nm ~d!.
FIG. 2. TEM images and SAED patterns for various thicknesses of FePt films: 10 nm ~a!, 20 nm ~b!, 30 nm ~c!, 38 nm ~d!, 60 nm ~e!, and 100 nm ~f!.
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magnetization curves of the films with t510 and 20 nm do
not saturate even at a magnetic field of 55 kOe. A large
coercivity (Hc) of about 23 kOe was obtained from the 10
nm thick film. Hc gradually decreases with increasing the
film thickness, but still shows a high Hc of about 13 kOe at
t5100 nm. The initial magnetization curves for the 10 nm
and 20 nm thick films are characteristic of the rotation mag-
netization, because large magnetic field is required to mag-
netize the particles. On the other hand, those for 60 and 100
nm thick films are characteristic of the domain wall displace-
ment because the initial magnetization curve indicate that the
magnetization progress easily at the low magnetic field. Fig-
ure 5 shows the change of Hc as a function of the film
thickness. The Hc of the FePt films deposited on MgO
~001!14 and MgO ~110!20 single crystal substrates are also
shown in the same figure. With increasing film thickness, the
Hc for the films deposited on the SiO2 substrates decreases
gradually, while the Hc for the single crystal films deposited
on MgO ~001! substrates shows a drastic decrease when the
film thickness is more than 40 nm. The gradual decrease of
Hc in the polycrystalline film as a function of film thickness
is similar to that observed in the FePt film deposited on a
MgO ~110! substrate.20
B. FeÕFePt film
To obtain a higher energy product by making a nano-
composite with a soft phase, Fe was deposited on 10 and 38
nm thick FePt particulate films. Figures 6 and 7 show the
in-plane and cross section TEM bright field images of: ~a!
FePt 10 nm film, ~b! Fe 2 nm/FePt 10 nm, ~c! Fe 4 nm/FePt
10 nm, and ~d! Fe 6 nm/FePt 10 nm bilayer films. The Fe
~110! diffraction ring is clearly observed in Fig. 6~d!. The
plan-view image shows that the film morphology is particu-
FIG. 3. @011# nanobeam diffraction pattern obtained from one of the grains
that contains a twin.
FIG. 4. Magnetization curves with initial magnetization curve of various
thicknesses of FePt films. Filled and opened circles show the magnetization
curves in the perpendicular and in-plane direction to the film, respectively.
FIG. 5. Change of Hc as a function of the film thickness.
FIG. 6. TEM images and SAED patterns of Fe/FePt 10 nm bilayer films.
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late for all the bilayer films. The cross-sectional image shows
that the FePt particles had relatively flat surface with nearly
the same thickness. The height of the particles increases after
the deposition of the Fe layers, and their shape becomes
round as the thickness of Fe increases. Figure 8 shows the
magnetization curves of ~a! FePt 10 nm film, ~b! Fe 2 nm/
FePt 10 nm, ~c! Fe 4 nm/FePt 10 nm, and ~d! Fe 6 nm/FePt
10 nm bilayer films. The magnetization curves are corrected
with the demagnetization factors as shown in Table I from
the average particle size observed from Figs. 6 and 7, assum-
ing the ellipsoidal shape of particles. Their magnetic proper-
ties are summarized in Table II. By depositing the Fe layer,
the Hc decreases drastically. On the other hand, the residual
magnetization, M r , increases with the Fe thickness. As a
result, the energy product increases with the Fe thickness.
The highest energy product is about 16.9 MGOe.
Figure 9 shows TEM bright field images of: ~a! FePt 38
nm film, ~b! Fe 7.6 nm/FePt 38 nm, ~c! Fe 15.2 nm/FePt 38
nm, and ~d! Fe 22.8 nm/FePt 38 nm bilayer films. In the
SAED patterns of ~b!, ~c! and ~d!, the Fe~110! diffraction
ring is clearly observed, confirming the presence of the a-Fe
phase. The morphology of the FePt 38 nm film is particulate.
By depositing the Fe layer, many of the particles are inter-
connected. Figure 10 shows the magnetization curves of: ~a!
FePt 38 nm film, ~b! Fe 7.6 nm/FePt 38 nm, ~c! Fe 15.2
nm/FePt 38 nm, and ~d! Fe 22.8 nm/FePt 38 nm bilayer
films. The magnetization curves are not corrected with the
demagnetization factor in this case because the demagnetiza-
tion factor of the interconnected network structure cannot be
estimated properly. The Hc decreases drastically from about
20 kOe to a few kOe with increasing Fe thickness, because
the FePt particles are interconnected with Fe layer. The mag-
netization curve of the Fe 7.6 nm/FePt 38 nm bilayer film
behaves like one phase, although the film consists of two
FIG. 7. Cross section TEM images of Fe/FePt 10 nm bilayer films.
FIG. 8. Magnetization curves of Fe/
FePt 10 nm bilayer films. The magne-
tization curves are corrected by the de-
magnetization factors.
TABLE I. The demagnetization factors and average sizes of the particles.
Fe
~nm!
diameter
~nm!
height
~nm! N i N’
0 48.0 16.9 2.37 7.81
2 53.6 23.4 2.74 7.08
4 50.1 24.6 2.93 6.71
6 50.9 28.0 3.13 6.31
478 J. Appl. Phys., Vol. 96, No. 1, 1 July 2004 Takahashi et al.
Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
phases, viz., Fe soft magnetic phase and L10 FePt hard mag-
netic phase. The in-plane magnetization curve of the films
whose Fe layer is thicker than 15.2 nm shows decoupled two
magnetic phases. One is due to the Fe soft magnetic phase
which accounts for the decrease in magnetization at around 0
Oe. The other is due to the L10 FePt hard magnetic phase
which accounts for the decrease in magnetization in the high
magnetic field region.
IV. DISCUSSION
High coercive FePt thin films are fabricated on heated
SiO2 substrates. While Hc of the film deposited on a MgO
~001! substrate shows a drastic decrease by 1 order of mag-
nitude when the morphology of the film changes from par-
ticulate to the continuous structure,14 the change of the mor-
phology of the films deposited on the SiO2 substrate does not
cause the drastic decrease in coercivity. The FePt films on
SiO2 are polycrystal and those on MgO ~001! are single
crystal.14 The large Hc of the polycrystalline continuous
films are caused by the strong pinning of the magnetic do-
main walls at the grain boundaries and the twins within the
grains. Since the Ku of the L10 ordered FePt is very large,
misorientation of the easy axis at the grain boundary and
twins will act as domain wall pinning sites.21 On the other
hand, since single crystalline FePt continuous films have nei-
ther grain boundaries nor twins, no pinning sites for mag-
netic domain motion are expected. The gradual decrease in
coercivity will be explained by the continuous coarsening of
the grain size as the films are grown on the heated substrates,
by which the number of domain wall pinning sites decreases.
The change of the magnetic domain reversal mechanism
from the rotation mode to the nucleation mode will also ex-
FIG. 9. TEM images and SAED patterns of Fe/FePt 38 nm bilayer films.
TABLE II. Magnetic properties of Fe/FePt 10 nm bilayer films.
Fe
~nm!
Hc’
~kOe!
Hci
~kOe!
M r’
~emu/cc!
M ri
~emu/cc!
(BH)max ’
~MGOe!
(BH)max i
~MGOe!
0 22.9 21.1 475 450 12.4 7.6
2 19.2 18.1 585 438 13.7 6.6
4 12.1 9.4 680 625 13.8 11.0
6 9.2 5.5 800 890 15.3 16.9
FIG. 10. Magnetization curves of Fe/
FePt 38 nm bilayer films. The magne-
tization curves are not corrected by the
demagnetization factors.
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plain the gradual decrease of the coercivity. If grain size can
be kept small, higher coercivity may be achieved even in the
thick films.
The critical size of a single domain particle with a flat
ellipsoidal shape, d, is given by22
d5
24AAKu
NM s
2 , ~1!
where A is the exchange stiffness constant, Ku is the uniaxial
anisotropy constant, N is the demagnetization factor, and M s
is the saturation magnetization. For L10 FePt, A51
31026 erg/cm,23 Ku573107 erg/cc,8 and M s
51150 emu/cc.8 In the 10 nm-thick film, N’ is about 7.81.
Substituting the demagnetization factor for Eq. ~1!, the criti-
cal particles size of the single domain is estimated to be
about 200 nm. In the 10 and 20 nm thick films, the particle
size is smaller than the single domain size. Hence, the initial
magnetization curves observed in Figs. 4~a! and 4~b! are ex-
plained by the rotation mechanism. In 60 and 100 nm thick
films @Figs. 4~e! and 4~f!#, the morphology changes to a con-
tinuous structure. The initial magnetization curve is charac-
terized as the nucleation type, although there are twins and
grain boundaries which can act as pinning sites for domain
wall motion. This is because each of the grains can be easily
magnetized by the domain wall displacement from a multiple
domain to a single domain state, because there are few pin-
ning sites within the grains. Although the twins within the
grains can act as pinning sites, the number of twins also
decreases with the increase of the film thickness.
In the 30 and 38 nm thick films @Figs. 4~c! and 4~d!#, the
magnetization increases rapidly at a low magnetic field and
increases slowly at a high magnetic field. From the TEM
bright field images, the films consist of isolated polycrystal-
line particles. The initial magnetization at the low magnetic
field region is due to the nucleation-type magnetization
within the crystal grains. At this stage, the orientation of the
magnetization within the grains will be aligned to the c axis
of each grain by domain wall displacement within the grains.
The second increase of the magnetization above 3 kOe is
attributed to the rotation magnetization of randomly oriented
grains to the direction of the magnetic field. In this region,
the particles that are smaller than the critical size of single
domain also rotate to the applied magnetic field.
The FePt polycrystalline films that are thinner than 40
nm exhibit much smaller coercivity than that of the FePt
single crystal films deposited on the MgO ~001! substrates.
Since the FePt particles are randomly oriented in the poly-
crystalline film, the FePt grains whose easy axes are close to
the applied magnetic field, will be easily magnetized by ro-
tation. Because the coercivity is the magnetic field when the
net magnetization of the particles becomes zero, the coerciv-
ity of the polycrystalline film will naturally be smaller than
that of the single crystal film.
By depositing a Fe layer on the FePt 10 nm thick film,
the energy product increased. In order to investigate the ex-
change coupling between the Fe and FePt layer, we mea-
sured the minor loops of demagnetization curves as shown in
Fig. 11. A typical spring-back behavior was observed. 50%
of the residual magnetization value was recovered when the
field was reduced to zero from Hc . If the Fe and FePt layers
are exchange coupled, a large value of the residual magneti-
zation will be recovered on removing the reverse magnetic
field. Figure 11 apparently shows this spring back effect,
which supports strong exchange coupling between the Fe
layer and the FePt layer. Furthermore, the residual magneti-
zation is about 80% of the saturation magnetization in Fig.
8~d!, which is the evidence for the remanence enhancement
effect that is expected from exchange coupled magnets.
Thus, we can conclude that the enhancement of the energy
product is due to the exchange coupling between the Fe layer
and the FePt layer. In the Fe/FePt bilayer film whose Fe
thickness is thicker than 8 nm, the magnetization curves of
the in-plane direction clearly show that the Fe layers and the
FePt layers are not exchange coupled @Figs. 10~c! and 10~d!#
because the Fe layer is too thick to maintain a strong ex-
change coupling between the two phases. Theoretical calcu-
lations predicted that when the size of soft phase are in the
order of twice the domain wall width of the hard phase, the
hard and the soft phase would be exchange coupled rigidly.2
The domain wall width, d5pAA/Ku, of the L10 FePt phase
is estimated to be about 4 nm. The Fe/FePt bilayer films
exhibit the magnetization curves as exchange spring magnets
when the Fe layer thickness is less than 8 nm, which is in
good agreement with the prediction.
This work has demonstrated the possibility of enhancing
energy product by producing exchange coupled Fe/FePt bi-
layer films. By extending the bilayer films in the three di-
mension, it will be possible to produce thicker exchange
coupled Fe/FePt nanocomposite films with an improved en-
ergy product. However, the Fe/FePt bilayer films show low
coercivity. Thus, a simple stacking of the layered structure
will not be effective to achieve high coercivity because of the
lack of domain wall pinning sites. It will be necessary to
search for a method to produce three dimensional Fe/FePt
nanocomposites containing a large density of defects such as
twin and grain boundaries.
V. SUMMARY
In order to obtain high coercive FePt thin film, we have
fabricated polycrystalline FePt films on heated SiO2 sub-
strates by a simple sputtering route. The results are summa-
rized as follows:
FIG. 11. Demagnetization curve of Fe 6 nm/FePt 10 nm film, showing
minor loops.
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~1! The film morphology changes from a particulate struc-
ture to a continuous structure with increasing film thick-
ness.
~2! The 10 nm thick FePt film shows a high Hc such as 23
kOe. The Hc decreases gradually with an increase in the
film thickness, not showing a drastic decrease like that in
the single crystalline FePt films deposited on a MgO
~001! single crystal substrate. High coercivity in the
polycrystalline film is due to the magnetic domain pin-
ning at the grain boundaries and the twins in the grains.
~3! Exchange coupled Fe/FePt bilayer thin films showed im-
proved energy products of (BH)max;16.9 MGOe.
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